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INTRODUCTION

Abstract—The evolution of intracranial aneurysms (IAs) is
thought to be driven by progressive wall degradation in
response to abnormal hemodynamics. Previous studies
focused on the relationship between global hemodynamics
and wall properties. However, hemodynamics, wall structure
and mechanical properties of cerebral aneurysms can be nonuniform across the aneurysm wall. Therefore, the aim of this
work is to introduce a methodology for mapping local
hemodynamics to local wall structure in resected aneurysm
specimens. This methodology combines image-based computational ﬂuid dynamics, tissue resection, micro-CT imaging of resected specimens mounted on 3D-printed aneurysm
models, alignment to 3D vascular models, multi-photon
microscopy of the wall, and regional mapping of hemodynamics and wall properties. This approach employs a new 3D
virtual marking tool for surgeons to delineate the location of
the resected specimen directly on the 3D model, while in the
surgical suite. The case of a middle cerebral artery aneurysm
is used to illustrate the application of this methodology to the
assessment of the relationship between local wall shear stress
and local wall properties including collagen ﬁber organization and wall geometry. This methodology can similarly be
used to study the relationship between local intramural
stresses and local wall structure.

Intracranial aneurysms (IA) have devastating consequences when they rupture and aﬀect a substantial
portion (5–8%) of the general population.22,29 Treatments of IAs have non-negligible risks (10–14%)2,16
that can exceed the natural rupture risk (0.3–
3%).16,17,19,20 Therefore, it is essential to appropriately
select aneurysms for intervention or observation. Precise understanding of the mechanisms of aneurysm
progression and rupture is critical to develop accurate
and objective evidence-based aneurysm evaluation
strategies.
The natural history of IAs is thought to be strongly
inﬂuenced by ﬂow-induced degradation of the
wall.12,15 Histologic analyses have suggested that
aberrant ﬂows can cause endothelial dysfunction which
induces accumulation of cytotoxic and pro-inﬂammatory substances in the wall as well as thrombus formation, leading to mural cell loss and impaired cellular
function.12,28 Improper endothelial function can impact the wall capacity for collagen renewal and maintenance, necessary for preserving the wall structural
integrity. Mechanical tests of human aneurysm samples have suggested the stiffness of the wall may be
associated to rupture.7 It has also been shown that
both wall structure and mechanical strength can vary
from patient to patient even within the unruptured
population, and that wall structure can also vary
locally within the same aneurysm.23 Furthermore, two
subpopulations have been found in a study of unruptured aneurysms, one with weaker more vulnerable
walls and another with stronger walls.23 Additionally,
possible associations between global aneurysm hemo-

Keywords—Cerebral aneurysms, Hemodynamics, Collagen
architecture, Computational ﬂuid dynamics, Multi-photon
microscopy, Micro-CT, Specimen resection.

Address correspondence to Juan R. Cebral, Bioengineering
Department, George Mason University, 4400 University Drive,
MSN 2A1, Fairfax, VA 22030, USA. Electronic mail: jcebral@
gmu.edu

3553
0090-6964/16/1200-3553/0

Ó 2016 Biomedical Engineering Society

3554

CEBRAL et al.

dynamic characteristics and wall strength and stiffness
have been identiﬁed.5 Intramural stresses are also
known to strongly inﬂuence wall structure and
strength.9
It is increasingly recognized that to understand the
role of hemodynamics (and other biomechanic loads)
in IA pathogenesis, we need to directly evaluate biological and structural changes in the wall.5,12 However,
hemodynamics, wall structure and mechanical properties are often heterogeneous, i.e., non-uniformly
distributed over the aneurysm.12,23 Therefore, it is
necessary to link local hemodynamics and local wall
characteristics (thickness, collagen structure, cellular
content, mechanical properties, etc.).
Previously, Meng et al. mapped computational ﬂuid
dynamics (CFD) and histology data in rabbit models
of aneurysm formation at arterial bifurcations. Histology sections were identiﬁed by surgically implanting
radio-opaque markers18 or by interactively selecting
cut-planes that visually matched the histological sections.27 Groen et al. used manually annotated landmarks visible in both in vivo and ex vivo images of
diseased carotid artery bifurcations for point-based
registration.13 Unlike these studies where entire arterial
bifurcations were visible in both images, mapping
small portions of aneurysm domes to in vivo vasculatures is more challenging because straightforward
identiﬁcation of anatomical landmarks or use of semiautomatic registration algorithms is unfeasible.
The purpose of this study is to introduce a strategy
for mapping local hemodynamics (or local wall stress)
to local wall structure in patients with IAs. This is the
ﬁrst attempt at this challenging problem.

METHODOLOGY FOR MAPPING RESECTED IA
TISSUE TO RECONSTRUCTED VASCULAR
MODEL
Overview of Methodology
The methodology is designed to enable data
obtained on 3D pre-operative vascular models to be
related to data obtained on physical aneurysm specimens harvested from consented patients after surgical
clipping (Supplementary Material, Figure I). This is
achieved by introducing a virtual model of the aneurysm sample mounted on a 3D-printed vascular model
of the aneurysm lumen and neighboring vasculature.
Both datasets are mapped back to this virtual model.
In what follows, this methodology is described in
detail and illustrated using data from a 57 year old
female with a 10 mm incidental aneurysm in the right
middle cerebral artery. This study was performed fol-

lowing protocols approved by our institutional review
boards.
In Vivo Marking and Harvesting of IA Tissue
During surgery, after exposing the aneurysm and
placing the clip(s), the aneurysm dome is marked with
a surgical pen to provide reference marks for mapping,
Fig. 1. The dome is then resected and the harvested
tissue sample is placed in a vial with a 0.9% (w/v)
saline solution and transported in an insulated cooler
to the University of Pittsburgh for ex vivo imaging.
The sample is ﬁxed in 2% paraformaldehyde for 2 h
within 12 h of harvest (Supplementary Material, Figure II).
ChePen3D—A Tool for Recording Clinical Features on
the Vascular Model
In order to document the resected region of the
aneurysm and later align it to a 3D image-based aneurysm model, a 3D virtual marking tool (ChePen3D)
was developed. This tool was implemented in C++,
using Qt for the graphical user interface, and OpenGL
for 3D graphics. It runs under Linux, Windows (including tablets) and Mac operating systems, and can
be used directly in the surgical suite. An Android
prototype has also been implemented. This tool loads a
patient-speciﬁc 3D anatomical model created from
pre-operative 3D rotational angiography (3DRA)
images. A user friendly interface enables the neurosurgeon to rotate the model and mark regions of
interest on the aneurysm surface with diﬀerent colors
(Fig. 1a). The marked model is saved to an ASCII ﬁle
containing the label (color) of each marked triangle.
The following steps are used for each aneurysm
sample, (Fig. 1). The surgeon loads the 3D IA model
and orients it (e) to a view similar to the intra-operative
view (b), using anatomical features such as vessels and
aneurysm shape characteristics (e.g., blebs) for guidance. Then, he/she places marks on the model (f, blue
dot) analogous to the marks drawn in vivo with the
surgical pen (c), and then delineates the clipped region
(d) on the model (g, red line). This information is later
used to align the tissue sample to the virtual IA model.
Creation of Virtual Model of IA Sample on 3D-printed
Vascular Model
Manufacture of 3D-printed Model of Aneurysm
Data generated in ChenPen3D for the marked 3D
vascular model, Fig. 2c, is exported in STL format and
imported into GeoMagic (3D-Systems, Rock Hill, SC)
where it is edited to create a virtual IA model with a
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FIGURE 1. Procedure for marking vascular model using a tool (ChenPen3D) for labeling aneurysm features observed during
surgery (a): orient vascular model (e) to same alignment as exposed aneurysm (b) using anatomical features for guidance (blebyellow arrow, vessels-blue arrows), mark vascular model (f-blue dot) as aneurysm during surgery (c), and delineate clip line on
vascular model (g-red line) following the surgical cut (d).
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portion of the neighboring vessels. The clinical markings are included as regions of increased elevation from
the surface (red and blue arrows in Fig. 2d). To compensate for shrinkage during tissue ﬁxation, the
marked 3D model is scaled down by 15% prior to
additive manufacturing. A hollow model is created
with an average thickness of 242 ± 24 lm to reduce
scattering from the 3D model during micro-CT scanning. The physical 3D IA model is then printed using a
stereo-lithography system (Viper SLA), operating at a
resolution of 0.025 mm.
Micro-CT Scanning and Reconstruction
The 3D-printed IA model is coated with paint
comprised of 0.002 9 0.008 lm hex-cut metallic ﬂakes
(KUS MSF15-2Z, TCP Global Corporation) to distinguish the inner tissue surface from the 3D-printed
model in the micro-CT images.1 Mounting Clay
(Renishaw Inc.) is used to ﬁx the model to a brass
mount compatible with CT scanning, Fig. 2f. The
physical IA sample is mounted on the coated IA model
and covered with a plastic wrap (Glad Products
Company) to ensure that the sample remained hydrated throughout the scan, Figs. 2g and 2h. This
material was found to provide little or no artifacts
during scanning. A high resolution Skyscan 1272,
11Mp micro-CT scanner (Bruker Corporation) is used
to image the 3D-printed IA model with the mounted
specimen. The following settings provide clear visualization of the raised markings and the boundary
between tissue and 3D-printed model, Fig. 2h: camera
pixel size of 7.4 lm, image pixel size of 10 lm, frame
averaging of 10 with a rotation step size of 0.4°,
scanned 180° around the vertical axis. A 3D image is
reconstructed as a stack of 10 lm thick sections in the
axial plane.
Image Processing, Analysis and Virtual Model Creation
The micro-CT reconstruction of the tissue mounted
on the 3D-printed IA model is used to generate a virtual sample (Fig. 2i, blue surface) mounted on a virtual
IA model (yellow surface). Speciﬁcally, the reconstructed BMP ﬁles from the micro-CT scan are imported into CT-Analyzer (Bruker Corporation) to
segment the IA tissue and 3D-printed model as separate structures. This is accomplished by manually
selecting volumes of interest for the tissue and the 3D
model, thresholding the images, and creating a surface
mesh using marching cubes. The surface is decimated
and smoothed to create a uniform mesh using GeoMagic. The inner and outer surfaces are separated by
trimming the virtual sample with cut-planes.

Mapping of Virtual IA Sample to Full Vascular Model
Once the virtual IA model and virtual sample are
separated, Figs. 2j and 2k, the virtual IA model is
mapped back to the 3D vascular model using the
extrusions for co-registration (l). The mapping between
the virtual sample and virtual IA is already known (i)
and so the alignment for the virtual sample to the
original 3D model follows directly, (m).
Once the virtual specimen is aligned to the 3D
vascular model, it is used as a common surface for
comparing wall properties measured ex vivo on the
physical tissue sample and biomechanical properties
calculated on the 3D vascular model.
Veriﬁcation of Sample Orientation
The mark (blue dot) placed on the aneurysm during
surgery is typically aligned with the end of the clip
from the intra-operative view of the surgeon, Fig. 3a.
A volume rendered post-operative CT image (Fig. 3b)
shows the clip and the cerebral arteries and allows us
to identify the neurosurgeon’s intra-operative line of
sight (yellow arrow), which was used to mark the
vascular model (c). This intra-operative view is identiﬁed in a volume rendering of the 3DRA image used
to reconstruct the vascular model (d, yellow arrow).
Gradual rotation of the 3DRA image allows us to
verify that the marks were placed on the expected side
of the aneurysm (e–f). This procedure eliminates possible ambiguities in the circumferential orientation of
the resected sample.

METHODS FOR QUANTIFICATION OF
ANEURYSM CHARACTERISTICS
Flow Dynamics
CFD models of the aneurysm are constructed from
3DRA images using previously developed techniques.3
Unstructured grids are generated with a minimum
resolution of 0.2 mm. Solutions of the 3D incompressible Navier–Stokes equations are obtained with a
ﬁnite element solver. Blood is approximated as a
Newtonian ﬂuid with density q = 1.0 g/cm3 and viscosity l = 0.04 Poise, vessel wall compliance is neglected, and pulsatile ﬂows are imposed at inlet
(internal carotid artery). Inﬂow rates are derived from
measurements in normal subjects and scaled with the
vessel diameter following Murray’s law.4 Outﬂow
boundary conditions are prescribed to achieve ﬂow
divisions consistent with Murray’s law. Flow variables
such as wall shear stress (WSS) and oscillatory shear
index (OSI) are computed on the aneurysm surface.

Mapping Flow and Wall Characteristics of Aneurysms
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FIGURE 2. Creation of virtual model of physical tissue sample on virtual 3D-printed IA model and alignment to 3D vascular model.
(a) pre-operative 3D image, (b) reconstruction of vascular model from 3D image, (c) ChenPen3D image, with clinical features noted
as explained in Fig. 1, (d) introduction of small extrusions visible in the 3D-printed model for later alignment (red and blue arrows
point to extrusions corresponding to red and blue markings in (c), white arrow points to small incision made to reference MPM
imaging regions), (e) 3D-printed aneurysm model with metallic coating, (f) tissue sample placed on 3D-printed IA aligned using
markings on tissue and small extrusions, (g) wrapping to prevent dehydration, (h) 2D image of micro-CT scan of tissue sample
mounted on 3D-printed aneurysm shown in (g, i) reconstruction of combined virtual model of 3D-printed IA and tissue sample from
micro-CT data, (j) segmentation of virtual 3D-printed aneurysm, (k) segmentation of virtual tissue sample, (l) alignment of virtual
3D-printed IA back to 3D vascular model showing alignment of extruded features, and (m) final alignment of virtual tissue sample to
original vascular model (b) using prior alignments in (i) and (l).

Image-based CFD simulations in IA have been
validated by us and others using in vitro models10,21
and qualitatively compared to in vivo angiography.6,11
Studies comparing rigid-walled CFD calculations
against models incorporating wall motion estimated
from dynamic angiography suggest that wall motion
does not have a signiﬁcant effect on the intraaneurysmal ﬂow dynamics and the WSS distribution,
although the exact values of WSS can be slightly over
estimated.8,26
Blood is composed of plasma and numerous cellular
elements and proteins. Red blood cells, which carry the
largest volume fraction of these elements and largely
determine the macroscopic blood viscosity, measure
about 6–8 lm in diameter and are highly ﬂexible. In
blood vessels on the order of millimeters or larger, as in

the present study (smallest vessel diameter was
0.7 mm), blood is typically modeled as a single phase,
homogeneous ﬂuid.24
The Newtonian ﬂuid idealization neglects shear
thinning and viscoelastic properties of blood. If the
shear rate is suﬃciently low, red blood cells can combine to create complex 3D microstructures that increase the viscosity and can also store energy providing
a viscoelastic nature to blood. Dissolution of these
microstructures is the main factor responsible for the
blood shear thinning behavior. While this dissolution
takes on the order of a second, the formation takes
much longer, 20–200 s in ﬂows with shear rates of
0.01–1.0 1/s.24 Prior to entering the aneurysm, blood
has experienced shear rates (>50 1/s) at which these
structures are broken apart. Thus, in the absence of a
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FIGURE 3. Verification of sample orientation: a) surgical mark (blue dot) aligned with clip ends, b) post-operative CT image
showing the clips, yellow arrow points in the line of sight of the surgeon (as in a), c) vascular model with virtual marks, d, e, f)
Gradual rotation of the pre-operative 3DRA image from the CTA view point to the surgeon’s view point, verifying correct placement
of the virtual marks on the vascular model.

region of closed circulation within the aneurysm dome,
there would not be enough time for these microstructures to form and lead to higher viscosities and viscoelastic properties. For the aneurysm considered here
the mean shear rate was 254 1/s (range 13–1254 1/s)
and there were no closed regions where the blood is
exposed to the lowest shear rates for even a few seconds. Therefore, neglecting the shear thinning and
viscoelastic response is reasonable.
Mesh convergence was studied with three mesh
resolutions: (1) coarse mesh: 0.2 mm, 3.5 9 106 elements, (2) medium mesh: 0.1 mm, 27.7 9 106 elements,
(3) ﬁne mesh: 0.07 mm, 68.4 9 106 elements. Simulations were performed on each grid with 100 and 400
timesteps per cardiac cycle for 5 cycles. The mean WSS
(averaged over the aneurysm) changed only by 3%
from cycle 1–2, but the change between cycle 2 and
consecutive cycles was less than 1%, for all grids and
timesteps. The mean WSS changed by less than 0.5%
with 400 timesteps/cycle instead of 100. The difference
in mean WSS obtained with the different grids was less
than 5–6%. However, when averaging the WSS over
smaller regions (see ‘‘Correlating Hemodynamic Loads
and Wall Characteristics’’ section), larger variability
was observed. In 9/11 of these regions the changes
between the medium and the ﬁne grids were below

10%, but in 2/11 regions (region 1 and 2) the changes
were signiﬁcantly larger (30–50%). Therefore, these
two regions were excluded from correlation analysis,
and data obtained from the second cycle on the medium grid with 400 timesteps/cycle were analyzed.
Visualizations of the inﬂow jet, intra-saccular ﬂow
pattern and WSS distributions at peak systole are
presented in Fig. 4. These visualizations show a high
speed jet impacting on the dome of the aneurysm and
creating a complex ﬂow structure with a heterogeneous
WSS distribution with regions of high and low WSS.
Wall Thickness
The local wall thickness (WT) is calculated directly
from the virtual IA sample obtained from the high
resolution micro-CT (Fig. 5). The reconstructed surface is decimated to reduce the number of triangles and
split to separate the inner and outer surfaces of the
tissue. The surface triangulations are smoothed using a
non-shrinking algorithm and optimized using edge
collapses and diagonal swaps.3 Then, the distance map
between these surfaces is calculated for each point of
the inner surface by searching for the closest triangle of
the outer surface and computing the corresponding
normal distance.

Mapping Flow and Wall Characteristics of Aneurysms
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FIGURE 4. Quantification of aneurysm flow characteristics at peak systole. a) Visualization of aneurysm inflow jet, b) visualization of aneurysm streamlines, c) contours of wall shear stress magnitude, d) visualization of wall shear stress vectors.

Collagen Fiber Diameter and Orientation
Ex vivo MPM is used to image collagen ﬁbers in the
aneurysm wall of the intact IA sample.5,23 A holder
was created from a styrofoam block with a cavity well
slightly larger than the aneurysm sample. The sample
is placed in the well with the region of interest facing
the MPM lens, submerged in saline, covered with a
cover slip, and imaged under the MPM. An Olympus
FV1000 MPE (Tokyo, Japan) with a 1.12 NA
25 9 MPE water immersion objective is used with a
Spectra-Physics DeepSee Mai Tai Ti–Sapphire laser
(Newport, Mountain View, CA) using an excitation
wavelength of 870 nm to elicit second harmonic generation from the collagen ﬁbers. The SHG signal is
collected using a 400 nm emission ﬁlter with a 750
spectral bin (Brattleboro, VT). The MPM data consists
of a stack of 1024x1024 pixel images with an in plane

resolution of 0.497 lm and a 2 lm separation between
layers. Images are obtained relative to a marking (cut)
that is added to the physical IA tissue prior to microCT scanning, Fig. 2h.
Stacks of MPM images are superimposed with
ImageJ25 using maximum intensity projections (MIP),
imported into Matlab (MathWorks Inc., Natick, MA),
and the ﬁber orientation distribution at different depths
from the abluminal surface is quantiﬁed using a custom
program.23 The ﬁber angle is computed using an edge
detection algorithm applied to ﬁbers within a region of
interest.14 The dominant ﬁber direction in predeﬁned
sub-regions (12 9 12 pixels, 5.96 lm 9 5.96 lm) of an
MPM image is computed from maximum pixel intensity
gradient. The gradient measure associated with the
dominant direction of each sub-region is accumulated in
directional bins [290°, 90°) to form an orientation dis-
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FIGURE 5. Quantification of sample wall thickness. a) 2D projected micro-CT image of tissue sample mounted on 3D-printed
aneurysm model, b) segmented virtual IA sample and virtual 3D-printed aneurysm, c, e) inner (blue) and outer (red) surfaces of the
tissue sample, and d, f) contour map of wall thickness distribution, thickness computed as the distance map between the inner and
outer surfaces of the virtual tissue sample.

tribution histogram. Each histogram is normalized to
the maximum magnitude in all directions. The set of
histograms across the scan depth are then used to create

colormaps of ﬁber orientation as a function of distance
from the imaging surface. Fiber diameters were measured at 15 randomized points chosen from a 5 9 5

Mapping Flow and Wall Characteristics of Aneurysms

matrix in each superimposed stack of MPM images
employing a custom MATLAB code.23 Diameters were
measured using the straight line function of ImageJ. In
cases where ﬁbers banded, diameters of individual ﬁbers
were used.

EXAMPLE RESULTS
Fiber Characteristics in Regions of High and Low Wall
Shear Stress
Biological studies of the IA sample are typically highly
localized and time consuming. They can also be expensive. Therefore, it can be desirable to analyze regions of
interest that have been previously identiﬁed from studies
on the full vascular model (e.g., ﬂow dynamics or intramural stresses). Here, we describe how our mapping
approach can be used to implement such studies.
In this example, pathological regions of abnormally
high mean WSS (>70 dyne/cm2) and low mean WSS
(<5 dyne/cm2) are identiﬁed in the CFD model and
corresponding regions are marked on the virtual tissue
sample using ChenPen3D to deﬁne the locations for
MPM analysis, (Fig. 6, upper right). Here, the red/blue
markings correspond to the high/low WSS regions.
These regions are then imaged from the abluminal side
with MPM and collagen ﬁber orientations in the
regions are quantiﬁed (‘‘Collagen Fiber Diameter and
Orientation’’ section). The pictures show MIP projections of the MPM image stacks across the thickness of
the wall. Colormaps of the histograms for each imaging depth show how the ﬁber orientation varies from
the surface (advential side) moving down through the
wall thickness. In this illustrative example, only one
side of the wall was imaged to avoid destructively
sectioning the wall necessary for imaging from the lumen side. The imaging depth from the abluminal surface is approximately 100 lm, though depends on the
density of the collagen ﬁbers in the region of interest.
Qualitatively, collagen ﬁbers imaged from the
abluminal side of the aneurysm wall in the regions of
normal to low WSS (regions 1, 2 and 4) had a more
coherent structure with ﬁbers in two principal orientations. In contrast, ﬁbers in regions of high WSS
(regions 3 and 5) had a more pathological appearance
compared to a normal artery,23 showing ﬁbers aligned
in one main direction (especially region 3) and gaps
between ﬁbers.
Correlating Hemodynamic Loads and Wall
Characteristics
The second and third examples illustrate studies in
which the measurement regions are chosen on the
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physical sample and related to results on the vascular
model using the intermediate virtual IA sample.
Speciﬁcally, we compare ﬂow and wall characteristics
at a set of sub-regions regularly distributed across the
resected tissue sample.
In the second example, possible connections
between collagen ﬁber diameter and WT to WSS and
OSI are explored. A series of 500 9 500 lm MPM
images are acquired regularly distributed on the surface of the resected dome (Fig. 7a). The measurement
locations are marked on the corresponding virtual
tissue sample using ChePen3D. Mean values of ﬁber
diameter are calculated from the MPM dataset using
previously described methods23 and mapped back to
the virtual IA sample. WT is calculated over each region directly from the virtual IA sample. The WSS and
OSI ﬁelds are interpolated from the CFD mesh to the
virtual IA sample (B,E) and averaged over each region.
Scatter plots of ﬁber diameter and WT against WSS
and OSI are created and corresponding linear regressions are calculated (C, D, F, and G).
Estimation of Uncertainties Associated with Alignment
In order to estimate the uncertainties associated
with the alignment of the tissue sample to the vascular
model, the virtual IA sample is randomly rotated
around its centroid by an angle in the range ±2.5° and
the hemodynamic ﬁelds are re-interpolated to the
newly positioned virtual tissue sample. The process is
repeated 100 times and the mean and standard deviation of hemodynamic variables are computed for each
region. Variability of hemodynamic quantities with
respect to random variations in tissue alignment are
shown in Fig. 7 as error bars in the scatter plots. The
gray lines correspond to the 100 linear regressions and
the black lines represent the linear regression of the
mean values, to illustrate the variability of the correlations.
The 5° angle amplitude around the original aligned
position was chosen visually to represent reasonable
subjective misalignments. With this choice, the interpolated regions of interest for quantiﬁcation of the
CFD variables were displaced on the model surface by
at most one region diameter.
Quantitative results of this uncertainty analysis are
presented in Table 1. It can be seen that the WSS
variability was below 6%. The OSI variability ranged
from about 2% up to 10%. However, both variabilities
were markedly smaller than the relative change of WSS
or OSI between the different regions. This suggests
that with the current level of accuracy of the mapping
strategy, it should be able to detect possible associations between hemodynamic variables and wall properties.
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FIGURE 6. Assessment of collagen fiber architecture in regions of low (blue) and high (red) WSS. Five regions of hemodynamic
interest are identified on the surface of the CFD model and marked on the vascular model (top left) and virtual tissue sample (top
right). These selected regions are then imaged with MPM. Projected MPM stacks are shown along with corresponding histograms
of fiber orientations as a function of the imaging depth from the abluminal side.

In this illustrative example, ﬁber diameter
increased with increasing WSS (p = 0.0425) and
decreased with increasing OSI (p = 0.0421). These
promising results should be further investigated with
more samples. Qualitatively, collagen ﬁbers look well
organized in region 2 where the WSS reaches normal
values, while in regions 6 and 11 the WSS is higher
and the collagen ﬁbers look more inhomogeneous and
disorganized.

Connecting Fiber and Wall Shear Stress Directions
In this third example, the distribution of collagen
ﬁber orientation in the sub-regions of ‘‘Correlating
Hemodynamic Loads and Wall Characteristics’’ section are compared with the corresponding directions of
WSS vectors on the aneurysm surface. Colormaps of
the histograms (frequency) of ﬁber direction through
the thickness of the wall are shown in Fig. 8 for each

Mapping Flow and Wall Characteristics of Aneurysms
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FIGURE 7. Comparing collagen fiber diameter and wall thickness with mean WSS and OSI. Physical tissue sample is MPM imaged
in a grid pattern and results are mapped back to virtual tissue sample (a). WSS and OSI results are mapped to the virtual tissue
sample reconstruction (b, e). Mean WSS and OSI are plotted against mean fiber diameter and wall thickness for each region (c, d, e,
and f). Error bars indicate variability of hemodynamic parameters with respect to different tissue alignments. Lines illustrate
variability of linear regressions for different tissue sample alignments.

region. Corresponding histograms of WSS directions
are shown next to the ﬁber direction histograms. In the
case of WSS direction, the vertical axis of the colormaps represent the variability of the histogram for
different random alignments of the virtual tissue
sample. It can be seen that the random rotations of the
virtual tissue sample do not have a substantial effect on
the histograms of WSS orientation.
Quantitative results of collagen ﬁber orientation (a)
and WSS (b) direction are presented in Table 2. Two
central collagen ﬁber directions were observed from
the adventitial side: a dominant direction (a1) present

throughout the entire depth of the scan (red regions in
Fig. 8) and a secondary direction (a2) more important
towards the luminal side. On average, these two ﬁber
directions form an angle close to a1-2 = 50° (median = 48°, 95% CI = 36°–57°). This multi-directional nature of ﬁbers is consistent with prior reports
based on polarized light microscopy of ﬁxed aneurysm
dome sections.15 In that study, ﬁbers were seen to
change orientation with depth, sometimes monotonically and sometimes non-monotonically shifting
back and forth between orientations. In our own aneurysm bank we have observed both types of walls
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TABLE 1. Regional characteristics of the resected tissue sample (collagen fiber diameter and wall thickness) and variability of
WSS and OSI over 100 random rotations of the virtual tissue sample around its initial alignment.
WSS (dyne/cm2)
Region
1
2
3
4
5
6
7
8
9
10
11

OSI

Fiber diameter (lm)

Wall thickness (mm)

Mean

% Variation

Mean

% Variation

1.4
1.49
1.79
1.27
1.47
1.19
1.92
1.51
2.71
2.08
2.52

0.225
0.292
0.177
0.215
0.187
0.288
0.187
0.200
0.176
0.225
0.292

19.7
17.2
28.8
35.5
31.9
36.1
31.5
47.2
53.3
62.5
73.0

3.38
0.30
6.27
3.93
0.95
4.15
6.41
3.52
1.44
0.50
1.84

0.119
0.102
0.068
0.072
0.093
0.052
0.051
0.020
0.013
0.016
0.011

3.05
6.62
3.78
2.75
2.77
7.42
8.08
5.99
3.20
10.70
9.50

FIGURE 8. Comparing collagen fiber orientation with WSS orientation at selected regions of the dome as in Fig. 7. Fiber orientation histograms for different depths (vertical axis) are presented as colormaps for each region of the tissue sample (bottom row).
Colormaps of orientation of WSS vector for different sample alignments (vertical axis) next to the fiber orientations for each region.

(unpublished data) as well as walls with no dominant
directions such as some regions of the aneurysm
studied here.
We also found WSS vectors roughly perpendicular to
the mean ﬁber direction (D(b,amean,), median = 71°,
95% CI = 53°–87°). The inﬂuence of ﬂuid ﬂow on
remodeling of the medial layers is well established.15
While we expect that altered ﬂow parameters could lead
to abnormal collagen architecture such as that seen in

region 11 associated with elevated WSS, our ﬁnding that
ﬁber alignment is related to WSS direction is surprising,
and should be further investigated in larger studies.
DISCUSSION
Information about the biological responses to
hemodynamics that aﬀect the structure of the aneurysm wall and consequently its mechanical behavior
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TABLE 2. Orientation of collagen fibers (a1, a2: main directions, a1-2: angle between main directions, amean: mean fiber direction);
and WSS direction (b) as well as angular distance with respect to mean fiber direction D(b,amean)for different regions of the tissue
sample imaged with MPM.
Fiber direction (°)

WSS direction (°)

Region

a1

a2

a1-2

amean

b

D(b,amean)

1
2
3
4
5
6
7
8
9
10
11

29
35
31
36
29
22
29
24
29
23
90

220
220
215
215
223
256
213
212
223
221
–

59
55
46
51
52
78
42
36
52
44
0

4.5
7.5
8
10.5
3
217
8
6
3
1
0

90
223
283
285
90
241
254
266
90
276
245

86
30
91
95
87
24
62
72
87
77
45

Orientation angles correspond to the location of the histogram maxima or more frequent angles in the corresponding histograms of Fig. 8.

and strength is crucial to advance our understanding of
the processes governing aneurysm progression and
rupture. The methodology introduced here can be used
to relate local simulation-based biomechanical data to
local ex vivo experimentally derived tissue data, and
thereby provides an approach to address the heterogeneous nature of biological changes associated with
this disease.
This approach is based on in vivo tissue marking
when harvesting, analogous marking of 3D vascular
model, 3D printing of vascular model, mounting the
resected tissue on the 3D-printed model and micro-CT
imaging, and alignment of the virtual IA sample back
to the vascular model for interpolation of ﬂow ﬁelds.
The 3D printing with highlighted features visible in the
micro-CT images allows us to easily and unambiguously map the micro-CT reconstruction of the resected
tissue (virtual IA sample) back to the vascular model
used for CFD analysis. Furthermore, the mounting of
the resected tissue on a 3D model based on pre-operative geometry prevents tissue collapse and enables
alignment of the physical tissue on the aneurysm
model. However, there are two subjective steps in our
approach: (i) the virtual marking of the vascular model
by the neurosurgeon to identify anatomical landmarks
and marks made in vivo prior to resection, and (ii) the
mounting of the resected tissue on the 3D-printed
model using these markings and other anatomical
landmarks for guidance. These subjective steps may
introduce uncertainties in the ﬁnal alignment of the
virtual tissue sample and the 3D vascular model. The
importance of such alignment uncertainties will depend on the patient-speciﬁc ﬂow ﬁelds. We introduced
a methodology for quantifying uncertainties in hemodynamic metrics associated with speciﬁed ranges of
uncertainty in alignment. In our representative case,
we found the variability of regionally averaged hemo-

dynamic variables subject to a 5° alignment uncertainty to be smaller than the differences of these
variables from region to region. This implies that it is
possible to detect regional differences in local hemodynamic conditions and search for associations with
local wall properties.
The mesh reﬁnement analysis indicated that some
aneurysm regions located near the ﬂow impingement
point had large variability between meshes of diﬀerent
resolutions. The reason is that with increasing resolution, the inﬂow jet slightly shifted causing large changes in these small regions, which were therefore
excluded from the analysis. This suggests that in some
aneurysms with highly unsteady or unstable ﬂows it
may not be possible to calculate reliable hemodynamic
variables in small areas located in regions with large
ﬂow ﬂuctuations. Future studies should perform mesh
reﬁnement analysis to assess the reliability of local
hemodynamic quantities, and investigate if other aspects of the ﬂow such as existence of unstable jets are
important in such regions.
While in the current work, the methodology was
described and demonstrated on data from a single
patient, it should be noted that this test case was not
trivial since the hemodynamic ﬁelds were not homogeneous over the dome. Therefore the results could
have been signiﬁcantly aﬀected by changes in the tissue
and vascular model alignment. We anticipate there will
be cases where it may not be possible to obtain reliable
alignments, for example if the dome is nearly spherical,
or if the sample is very small, or if for clinical or
geometrical reasons it is not possible to use the surgical
pen to place marks that help orient the resected sample. Even when marking the sample is not possible,
there may be other landmarks (e.g., blebs, calciﬁcations, high curvature regions) that can be used to align
the sample. However, an exact alignment may not be
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vital in many cases, for example in aneurysms with
relatively uniform hemodynamic and/or wall characteristics. In a larger study using this approach, we will
assess the percentage of aneurysm domes that can be
aligned with conﬁdence. Furthermore, larger studies
with more samples are needed to draw deﬁnite conclusions about the relationships between local hemodynamics and wall structure.
In conclusion, a methodology was introduced to
study the relationship between local hemodynamics
and local wall properties in diﬀerent regions of resected
aneurysm domes. While this method was illustrated
with hemodynamic data, it can equally well be used for
studies of intramural stresses. This is a topic of ongoing work. Thus, this strategy enables, for the ﬁrst time,
the direct study of the local mechano-biological
mechanisms of human IAs.
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